Introduction
Hepatocyte growth factor (HGF) is produced by cells of mesenchymal origin and promotes the proliferation of various epithelial and endothelial cells, as well as hepatocytes (Michalopoulos and DeFrances, 1997; Rubin et al., 1993; Zarnegar and Michalopoulos, 1995) . HGF can also stimulate motility and morphogenic changes in dierent epithelial and endothelial cell types Zarnegar and Michalopoulos, 1995) , and these pleiotropic eects play important roles during development, organogenesis and tissue regeneration. For example, HGF is essential for the normal development of both liver and placenta (Schmidt et al., 1995; Uehara et al., 1995) , contributes to neural development , branching morphogenesis in various organs (Birchmeier and Gherardi, 1998) , and promotes kidney and lung regeneration (Yanagita et al., 1993; Balkovetz and Lipschutz, 1999) .
HGF responses are mediated by the c-Met protooncogene product, a transmembrane tyrosine kinase . Upon HGF binding, several tyrosines residues within the c-Met intracellular domain are phosphorylated, some of which are essential for catalytic activity, and some of which mediate the binding and/or activation of several intracellular signaling molecules (Bardelli and Comoglio, 1997) . HGF-stimulated changes in gene expression immediately follow, including increased expression of the transcription factors c-Fos and c-Jun, as well as cMet (Boccaccio et al., 1994) . Later induction events correlate with HGF-induced epithelial and endothelial cell migration and morphogenesis, including increased production of the transcription factor ETS1 (Fafeur et al., 1997) , urokinase-type plasminogen activator and its receptor (Pepper et al., 1992) , and the zinc ®nger protein slug (Savagner et al., 1997) . The HGFstimulated proliferation and migration of keratinocytes that is thought to occur during wound healing (Nusrat et al., 1994) is accompanied by the induction of matrix metalloproteinases-1 and -3 (Dunsmore et al., 1996) . These induction events are coordinated with the transient induction of plasminogen activator inhibitor-1 and tissue inhibitor of metalloproteinases-3, presumably contributing to the appropriate spatial and temporal regulation of matrix remodeling (Wojta et al., 1994; Castagnino et al., 1998) .
We examined Balb/MK mouse keratinocytes, a wellcharacterized HGF target cell line, by dierential display PCR (DD ± PCR) to identify delayed early gene induction events. One of the cDNAs isolated encoded Neu-dierentiation factor (NDF; also known as heregulin (HRG), or neuregulin), a member of the epidermal growth factor (EGF) family. The NDF transcript was also strongly induced after treatment with EGF or keratinocyte growth factor (KGF). NDF was originally puri®ed from rat ®broblast conditioned media, while the human homolog, heregulin (HRG), was ®rst isolated as a ligand of the HER-2 receptor (Holmes et al., 1992; Peles et al., 1992; Wen et al., 1992 Wen et al., , 1994 . Subsequent studies showed that high anity NDF receptors could be reconstituted on cells co-expressing the EGF receptor family members HER-3 and HER-2 or HER-4 (Plowman et al., 1993; Carraway et al., 1994; Sliwkowski et al., 1994; Tzaahar et al., 1994) .
The regulation of NDF expression by HGF and KGF was further characterized in cultured Balb/MK keratinocytes, and in two models of tissue repair in vivo. The induction of NDF was detected in a mouse model of skin wound healing where KGF has been shown to be strongly upregulated within 24 h after injury (Werner et al., 1992) . We also observed signi®cant NDF induction in the kidneys of partially hepatectomized mice, where circulating HGF levels are increased in response to liver failure (Kinoshita et al., 1991; Lindroos et al., 1991) . These data suggest that the induction of NDF might be a common event underlying the biological eects initiated by HGF and KGF during development and in adult homeostasis.
Results

HGF-stimulated NDF induction in Balb/MK keratinocytes
To identify genes whose expression was modulated by HGF we performed DDRT ± PCR analysis on total RNA isolated from serum-deprived Balb/MK keratinocytes stimulated with HGF for 6 h, and from mocktreated control cells. This time point was chosen to avoid the identi®cation cDNAs involved in immediateearly events, and to maximize the likelihood of identifying genes whose expression might be required for sustained HGF-directed biological activities (Castagnino et al., 1998) . Several candidate cDNAs were dierentially displayed by HGF treatment, and the most signi®cantly induced bands were isolated and subcloned (data not shown). One such clone, designated B9G, detected 9, 8, and 6.5 kb transcripts on Northern blots, which were up-regulated following HGF treatment (Figure 1 ). B9G did not display homology to sequences in any of the databases, suggesting it was derived from an unknown gene, or possibly from untranslated sequence not included in the database entry of a known gene.
To obtain a full-length cDNA of this HGF-regulated transcript, the B9G cDNA fragment was used to screen cDNA libraries prepared from Balb/MK keratinocytes or adult mouse skin. Several positive clones were identi®ed and those containing the largest cDNA inserts were further characterized. Sequence analysis of these clones revealed over 90% identity to rat NDF . The longest of these cDNAs (designated clone 29) localized the B9G cDNA fragment in a 3' region outside of the NDF-like coding sequence (Figure 1b) , strongly suggesting that B9G induction represented that of a murine NDF isoform. Alignment of the clones derived from dierential display and library screening indicated that the dierentially-displayed cDNAs contained only 3' untranslated region (UTR) NDF sequence that had not been included in any sequence database entries. Nonetheless, to con®rm the induction of NDF by HGF, a cDNA derived from clone 29 containing NDF coding sequence (designated probe 2 in Figure 1b ) was used to hybridize Northern blots of RNA isolated from HGF-stimulated Balb/MK cells. Using probe 2 we detected the induction of 9, 8 and 6.5 kb mRNA species identical to those observed using a probe derived from B9G (data not shown), con®rming the induction of NDF mRNA transcripts by HGF. We also detected a smaller (2.2 kb) NDF mRNA transcript similar in size to an abundant mRNA transcript reported previously  Figure 2 , left panel).
The tissue distribution of NDF was analysed by Northern blot analysis of poly(A) + RNA extracted from adult mouse tissues and mouse embryos at dierent stages during development (Figure 2 ). Hybridization with probe 2 revealed abundant expression of a 6.5 kb NDF transcript in adult kidney, and lower levels of expression in brain and lung (Figure 2 , upper left panel). The 9 kb NDF transcript observed in Balb/MK keratinocytes was observed only in brain, although skin was not among the tissues analysed (Figure 2 , upper left panel). The smaller 2.2 kb transcript was abundantly expressed in kidney, which showed the highest overall level of NDF expression. Testis displayed only a unique 1.8 kb mRNA species, although other transcript sizes . We also analysed NDF expression during mouse embryogenesis using the B9G probe (Figure 2 , upper right panel). Peak NDF expression was detected at embryonic (E) day 11, decreasing thereafter during E13-E17. Consistent with abundant NDF expression in the kidney, the E11 developmental stage is a time that correlates with massive development of organs of the urogenital system.
The growth factor speci®city of NDF induction in Balb/MK cells was determined by comparing the eects of keratinocyte growth factor (KGF), epidermal growth factor (EGF), insulin-like growth factor-1 (IGF-1), transforming growth factor-beta (TGF-beta), and two truncated HGF isoforms NK1 and NK2, consisting of the N-terminal domain linked with the ®rst one or two kringles domains, respectively . NK1 and NK2, like full-length HGF, stimulate the motility of various epithelial cell types, but NK2 lacks the mitogenic and morphogenic properties of HGF and it antagonizes these eects in HGF-stimulated target cells . Northern analysis of total RNA extracted from Balb/ MK cells, stimulated for 4 h with each of the growth factors, was performed using the B9G probe ( Figure  3) . The results showed a fourfold and twofold induction of the 9, 8 and 6.5 kb NDF transcripts by full-length HGF and NK1, respectively ( Figure 3 ). Stimulation with either EGF or KGF caused more potent NDF induction (10 ± 15-fold), consistent with the greater mitogenic activities of these ligands on Balb/MK cells relative to HGF Figure 3) . In this model cell system, NDF induction correlated directly with mitogenic potency: no induction was detected after stimulation with NK2 or transforming growth factor (TGF)-beta, which lack mitogenic activity and inhibit growth factor-stimulated mitogenicity, respectively ( Figure 3 ). NDF induction was also observed in response to HGF, and to a lesser extent by KGF, in 184B5 mammary epithelial cells, which are more sensitive mitogenically to HGF than KGF (data not shown). The left panel was hybridized with probe 2, which reveals a major 6.5 kb transcript detected in kidney and brain; lower levels of this transcript were also observed in lung. Brain tissue also contained the 9 kb NDF transcript identi®ed in Balb/MK keratinocytes; while kidney and testis also contained smaller transcripts of 2.2 and 1.8 kb, respectively. The developmental stages in the right panel were hybridized with the B9G probe; the highest level of NDF expression was observed at E11, decreasing thereafter through E17. The amount of RNA loaded in each lane was determined by hybridization to a GAPDH probe (bottom left and right panels) Figure 3 Growth factor speci®city of NDF induction. Total RNA was extracted from Balb/MK keratinocytes after stimulation with the following growth factors for 4 h at 378C: HGF (100 ng/ml), NK1 (300 ng/ml), NK2 (1 mg/ml), KGF (100 ng/ml), TGF-beta (10 ng/ml), EGF, or IGF-1 (200 ng/ml). Agarose gel electrophoresis, transfer to nitrocellulose, and Northern analysis using the B9G probe were performed as described in Materials and methods. Three NDF mRNA transcripts induced by growth factor treatment at approximately 9.0, 8.0, and 6.5 kb were observed (upper panel). Nitrocellulose membranes were stripped and re-hybridized with a radiolabeled GAPDH probe to assess dierences in RNA loading (bottom panel) The dose-dependence and temporal pro®les of HGF and KGF-stimulated NDF induction in Balb/MK cells were also characterized by Northern analysis using the B9G probe (Figure 4a ). HGF was active at concentrations at or above 50 ng/ml, while KGF-stimulated NDF induction was clearly detected at 5 ng/ml; both responses were dose-dependent (Figure 4a ). HGFstimulated NDF induction was transient, reaching a maximum level after 4 h, and declined thereafter (Figure 4b ). NDF induction by KGF was substantial after 4 h, but unlike HGF, increased to a maximum at 24 h, and then declined (Figure 4b) .
Multiple NDF isoforms have been characterized as alternatively spliced products of the same gene . All of the known isoforms contain an EGF-like domain within the extracellular region of the pro-NDF protein, and sequence variation in the carboxyl-terminal portion of this domain de®nes the alpha and beta NDF isoforms (Figure 5a ). Although the biological dierences between these isoforms are not yet fully characterized, the alpha isoform is reportedly less mitogenic than NDF-beta on epithelial cells, and there is evidence that they are dierentially expressed (Marikovsky et al., 1995) . To identify which NDF isoforms were induced by HGF and KGF in Balb/MK keratinocytes, we performed RNase protection assays using a riboprobe that contained a portion of the common EGF domain, as well as downstream sequence that would distinguish between alpha and beta NDF isoforms (Figure 5a ). Consistent with our other Northern analyses in Balb/MK cells, a potency pro®le of KGF4EGF44HGF was observed for the induction of the predicted protected fragments for both NDF-beta2a and NDF-alpha2b isoforms (Figure 5b ). More potent induction of the alpha isoform, relative to beta, was consistently observed (Figure 5b ).
To determine whether the growth factor-stimulated induction of NDF transcripts resulted in increased NDF protein synthesis, processing and secretion, serumdeprived Balb/MK cells were stimulated with KGF and the culture medium was analysed by immunoblotting. As shown in Figure 6a , while no NDF protein was detected in resting cells, increasing amounts of mature, 44 kDa NDF protein accumulated in the culture medium of KGF-stimulated cells over an 8 h period. Accumulation of a protein with slightly lower molecular mass (approximately 40 kDa) was also observed; it is unclear whether this represents an immature form of NDF, or an unrelated protein. Our observation that KGF stimulated the induction of NDF mRNA transcripts and the secretion of mature NDF protein by Balb/MK keratinocytes suggested that an autocrine NDF pathway might exist in this model system. To further explore this hypothesis, we measured DNA synthesis by Balb/MK cells treated with puri®ed, recombinant NDF-alpha or recombinant EGF for 16 h (Figure 6b ). Maximum NDF activity was observed at concentrations of 1 ± 2 nM, consistent with previous studies of NDF mitogenic activity (Marte et al., 1995) . While NDF-alpha was 4 ± 5-fold less potent on a molar basis than EGF in stimulating DNA synthesis in Balb/MK cells, a signi®cant, dose-dependent biological response to NDF was observed. Because the mitogenic potency of NDF, as well as its ability to stimulate other biological activities such as migration and dierentiation, is likely to be dependent on the cellular context, our results suggest that autocrine NDF action may occur in a variety of settings in vivo.
Induction of NDF in response to injury in vivo
The known roles of KGF and HGF in tissue regeneration and repair suggested that NDF induction might be observed in animal models where the levels of Figure 5 Identi®cation of growth factor-induced NDF isoforms. (a) Schematic representation of pro-NDF indicating the position of isoform-speci®c sequences that provide the basis of mature NDF isoform nomenclature. The common EGF domain is found in all NDF isoforms; alpha and beta isoforms are de®ned by the sequence immediately downstream of this region. Isoforms are designated 1, 2, 3 or 4 on the basis of the carboxyl terminal sequence of the EGF domain. A, b or c NDF isoforms are de®ned by sequences derived from the cytoplasmic region. At the bottom of the diagram is a portion of sequence in the EGF domain that speci®es alpha or beta NDF isoforms, which was included in the probe used for the RNAse protection assay shown in (b). (b) Total RNA from growth factor-treated or control Balb/MK cells was isolated and processed for ribonuclease protection using a radiolabeled antisense NDF cRNA (upper panel). Radiolabeled NDF antisense riboprobe was also incubated with yeast total RNA and processed with or without RNAse digestion to ensure complete digestion by the ribonucleases, and to distinguish full-length riboprobe from protected fragments (data not shown). The NDF riboprobe contained 5' regions common to both alpha and beta NDF isoforms (183 nucleotides) and contained 53 nucleotides of 3' sequence speci®c for NDF-beta mRNA. Potent induction of both NDF-alpha (183 nucleotide protected fragment) and NDF-beta (236 nucleotide protected fragment) mRNA was observed following KGF or EGF stimulation. Lower induction levels were observed after treatment of cells with HGF, but not with HGF/ NK2. A parallel set of samples were hybridized with radiolabeled antisense GAPDH cRNA to determine the amount of RNA in each sample (lower panel). Results are representative of two experiments with identical ®ndings these growth factors have been reported to be elevated. KGF is potently induced in cutaneous wounds within 24 h after injury (Werner et al., 1992) . We determined the relative levels of NDF expression in a mouse model of cutaneous wound repair by RNase protection assay using a riboprobe at the 3' end UTR of NDF ( Figure  7) . A band of the expected size was detected 1 day after injury, and the level of induction continued to increase to a maximum at 5 days (Figure 7) . This pattern was consistent with the temporal pro®le of KGF induction at wound sites documented previously using this animal model (Werner et al., 1992) , suggesting that the NDF induction we observed was the result of locally increased KGF activity.
Signi®cant elevation in circulating levels of HGF following partial hepatectomy or unilateral nephrectomy in mice have been demonstrated previously (Kinoshita et al., 1991; Lindroos et al., 1991) . To test the hypothesis that systemically increased HGF levels would stimulate NDF expression in HGF target tissues, we performed Northern blot analysis on RNA extracted from the liver and kidneys of partially hepatectomized mice at selected intervals after surgery. No NDF expression was observed in the livers of wounded or control animals before or after injury (data not shown). In kidney, a clear increase in HGF expression, which peaked at 6 h after surgery, was observed in hepatectomized animals, but not in animals subjected to a sham surgical procedure (Figure 8) . Similarly, the induction of 9, 6.5 and 2.2 kb NDF mRNA transcripts was observed in hepatectomized animals, but not in control animals, commencing 6 h after surgery and enduring for 2 days (Figure 8 ).
Relative to HGF-stimulated NDF induction in Balb/
Figure 7 NDF induction during skin wound healing in vitro. Full thickness skin wounds were made in mice as described in Materials and methods, followed by surgical excision of the wound tissue for RNA extraction at the indicated times. Nuclease protection experiments were performed (n=3) as described in Figure 6 using a radiolabeled antisense cRNA corresponding to a region of sequence within the 3' UTR of mouse NDF mRNA that is common to all NDF isoforms. We consistently observed maximal NDF mRNA induction at 5 days post-injury Balb/MK cell conditioned medium was collected at the times indicated (in hours) after KGF stimulation. Samples were fractionated by 12% SDS ± PAGE, transferred to PVDF membranes, and probed with anti-NDF antibody. Lysate prepared from MDA MB 231 cells was used as a positive control (Werner et al., 1994) , and the position of mature NDF (p44) MK keratinocytes, the potent NDF induction observed in kidney following partial hepatectomy suggested that it had occurred in a subset of kidney epithelial cells that are highly responsive to HGF.
Discussion
Complex physiological processes such as development and tissue repair require the coordinated regulation of multiple intracellular signaling pathways, particularly those leading to cell proliferation and dierentiation. The sequential activation of dierent growth factor signaling pathways, such as the stimulation of NDF expression by HGF and KGF in Balb/MK keratinocytes reported here, provides a mechanism for the temporal and spatial coordination of their biological endpoints. This mechanism is consistent with observations made in at least two well-studied developmental processes; neuronal growth and branching, and mammary gland development.
Signaling through c-Met appears to be required for sensory nerve development, and HGF promotes axonal growth and survival of sensory neurons in vitro (Maina et al., 1997) . HGF is also a chemoattractant and survival factor for motor neurons (Ebens et al., 1996; Wong et al., 1997) . NDF null mice show marked defects in limb nerve branching . NDF is secreted from motor neurons and is found concentrated at neuromuscular junctions, where it stimulates the expression of speci®c acetylcholine receptors (Sandrock et al., 1997) . NDF may regulate the composition of neurotransmitter receptors in maturing synapses in the brain in a similar manner (Ozaki et al., 1997) . Together these results suggest that HGF and NDF act on common neuronal targets, and that HGF eects are initiated earlier than those of NDF.
A sequential requirement of HGF and NDF for the morphogenesis and dierentiation of the mouse mammary gland has also been reported (Yang et al., 1995) . In mammary gland organ cultures, HGF stimulated branching of the ductal trees but inhibited the production of secretory proteins. NDF promoted lobuloalveolar budding and the production of milk proteins. While the receptors for both growth factors were expressed in epithelial cells, HGF was expressed in mesenchymal cells, while NDF expression appeared to be widely distributed across connective tissue, ducts, and alveoli (Yang et al., 1995) . A similar pattern of growth factor eects was reported in that TGF-alpha induced branching of mammary epithelial ducts in vivo, while NDF stimulated the production of secretory proteins in lobuloalveoli (Jones et al., 1996) . Interestingly, that investigation also documented the potentiating eect of estradiol and progesterone on the actions of both growth factors (Jones et al., 1996) . Steroid hormones present during pregnancy are thought to regulate the expression of both HGF and NDF in the local mesenchyme. It is conceivable that HGF-triggered epithelial expression of NDF in that setting might amplify and/or sustain the eects of mesenchymally-derived NDF.
The serial initiation of paracrine and autocrine signaling modes illustrated by the KGF-induced secretion of mature NDF from Balb/MK keratinocytes parallels earlier observations where KGF induced TGF-alpha expression and subsequent EGF receptor activation in cultured keratinocytes (Dlugosz et al., 1994) . Thus, like TGF-alpha, NDF may be a proximal eector for some aspects of KGF-stimulated epidermal growth and dierentiation. It remains unclear as to whether the autocrine signals initiated by paracrine stimuli are self-sustaining. The larger number of autocrine pathways thought to contribute to the pathobiology of tumors suggest that while this may be unlikely under normal circumstances, it can occur. Similar to ®ndings for HGF (Sakata et al., 1996) , unchecked autocrine secretion of NDF in mouse mammary glands led to adenocarcinoma (Krane and Leder, 1996) . The NDF-dependent autocrine growth of a rat mammary cell line has been reported (Ethier et al., 1996) , and an autocrine NDF pathway in a human breast cancer cell line has also been demonstrated (Schaefer et al., 1997) .
In addition to these potential roles in development, we have found evidence that KGF-and HGF-stimulated NDF expression may occur in response to tissue injury. Previous reports have demonstrated that the level of KGF dramatically increases in dermal ®broblasts within 24 h after skin injury (Werner et al., 1992) , and that impaired KGF receptor signaling in wounded skin results in substantially delayed re-epithelization (Werner et al., 1994) . Using the same animal model of skin injury described by Werner et al. (1992) , we observed the induction of NDF during wound healing after the established peak of KGF induction, suggesting a direct link between the two events. While the epithelial speci®city of KGF is well-established in this model system, it is possible that other factors present at the wound site might stimulate NDF production, such as TGF-alpha (Guo et al., 1996) , or heparin-binding EGF (Marikovsky et al., 1996) . EGF itself is less likely to be involved, as no signi®cant induction of EGF mRNA was observed in this model system (S Werner, unpublished observations). These data suggest that NDF mediates some of the proliferative and/or dierentiating eects of KGF during skin wound repair, consistent with the prior reports that recombinant NDF stimulated re-epithelization and epidermal migration in excisional wounds (Danilenko et al., 1995) .
In a second animal model of wound repair, we observed increased NDF expression in kidney following partial hepatectomy. The consequent increase in circulating HGF levels that occur in response to this injury are well-documented (Kinoshita et al., 1991; Lindroos et al., 1991) , in addition to the increased HGF mRNA expression we observed in kidney. The latter increase in HGF mRNA is thus likely to under-represent the total increase in HGF production to which kidneys are exposed following partial hepatectomy. The temporal pro®le of NDF induction observed in kidney was also suggestive that it was directly stimulated by HGF. Increased HGF production in the kidney in response to partial hepatectomy has been reported (Kono et al., 1992) , and while the signaling mechanism by which this occurs is unclear, it may compensate for the loss of liver tissue as a major source of HGF. While we cannot rule out the possibility that the NDF induction was stimulated by other factors acting on kidney mesenchymal cells in the same time period, HGF acts primarily on epithelial cells in the kidney . Moreover, the number of alternative pathways by which NDF might be induced in this time frame may be fewer than if kidney had been the actual wound site, further suggesting that NDF induction was stimulated directly by HGF.
In summary, we observed that HGF and KGF induced the expression of NDF in NDF-responsive keratinocytes. Prior studies have shown that HGF action on epithelial and neuro-epithelial cells during development precedes NDF action on these targets, a sequence of events that is compatible with the paracrine-initiated autocrine NDF signaling pathway that we characterized using Balb/MK cells. The observed increases in NDF expression in two distinct settings where KGF or HGF are elevated in response to injury may also occur through this mechanism. These results suggest that the profound eects of both KGF and HGF on various epithelia during development and in adult homeostasis may be partially attributable to locally induced NDF expression.
Materials and methods
Reagents
Human ®bronectin and mouse EGF were purchased from Collaborative Research. Human recombinant HGF and recombinant TGF-beta were gifts from Drs G Vande Woude and A Roberts, respectively. Recombinant NK1, NK2, and KGF were expressed and puri®ed as described (Stahl et al., 1997; Ron et al., 1993) . Recombinant IGF-1 were obtained from Upstate Biotechnology, Inc. Mouse embryo and multiple tissue blots were purchased from Clontech. Recombinant human NDF-alpha was obtained from R & D Systems. Anti-human NDF antibody was obtained from NeoMarkers, Inc.
Tissue culture
Balb/MK cells were seeded onto human ®bronectin-coated dishes and grown at 378C in low calcium EMEM (Bio¯uids) supplement with 10% dialyzed fetal calf serum (Hyclone) and 5 ng/ml of EGF. When cells reached *90% con¯uence they were serum-deprived for 48 h in calcium-free F12/low calcium EMEM (1 : 1, vol : vol) supplemented with selenium (5610 78 M) and transferrin (5 ng/ml). For NDF induction experiments analysed by Northern blotting, cells were stimulated with HGF, EGF, or KGF at 100 ng/ml, NK1 at 300 ng/ml, NK2 at 1 mg/ml, insulin-like growth factor-1 (IGF-1) at 200 ng/ml, or TGF-beta at 10 ng/ml.
Differential display and sequence analysis
Total RNA (200 ng) isolated from Balb/MK cells was reverse transcribed using Superscript RT-H + (200 U; GIBCO-BRL) with an anchored oligo dT primer. Subsequent PCR reactions were performed using the Gen Hunter Kit (Gene Hunter) together with Taq polymerase (Perkin-Elmer). PCR products were subcloned into the TA vector (Invitrogen). Sequence analysis was performed using ABI Prism Model 310 Automated Sequencer according to manufacturer's instructions.
cDNA library screening
A cDNA library from Balb/MK keratinocytes was prepared using the lambda phage pCEV27 vector (Lorenzi et al., 1995) . A lambda phage Balb/c mouse skin cDNA library was constructed as previously described (Munz et al., 1997) . Plaques (2.5610 6 ) were screened using the dierentially displayed NDF band (B9G) radiolabeled with 32 P-dCTP under high stringency conditions (50% formamide at 428C, washes with 0.16SSC and 0.1% SDS at 558C). Positive plaques were re-screened until cDNA clones were isolated.
RNA preparation and Northern blot analysis
Total RNA was extracted from control or growth factor stimulated Balb/MK cells, or from pools of liver tissue isolated from hepatectomized mice, using RNAzol (Tel-Test) following the manufacturer's instructions. RNA (20 mg) was denatured, fractioned by electrophoresis in 1% formaldehyde agarose gels, and transferred to Nytran membranes (Schleicher and Schuell). DNA probes encoding HGF , NDF or GAPDH were radiolabeled using the T7 QuickPrime kit (Pharmacia) with [ 32 P]-dCTP, following the manufacturer's instructions. Membranes were pre-hybridized at 428C for 2 h in Hybrisol I (Oncor, Gaithersburg, MD, USA) and incubated at 428C for 18 h in the same solution with 32 P-dCTP-labeled cDNA probe. The ®lters were washed twice with 26SSC, 0.1% SDS for 30 min at room temperature, twice with 0.16SSC, 0.1% SDS for 30 min at 508C, and then exposed to Kodak X-Omat AR ®lm at 7708C. To control for RNA loading, ®lters were stripped and re-hybridized with a glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA probe.
Ribonuclease protection assays
For RNase protection assays performed on RNA isolated from wound tissue, a dierentially displayed NDF cDNA encoding 350 bp of 3' untranslated region was subcloned into pGEM11Z (Promega) and linearized with EcoRI to generate riboprobe. Antisense NDF transcript was synthesized in vitro using SP6 RNA polymerase and [ For RNase protection experiments performed on RNA isolated from Balb/MK cells, a cDNA encoding 236 bp of NDF-beta was ampli®ed by PCR using the following primers derived from the rodent NDF cDNA sequence (accession number RNU02318): forward primer (nucleotide position 799-823), NDF-alpha/beta 5'-CTCCCATTAGAATCT-CAGTTTCAAC-3' and reverse primer (nucleotide position 1034-1007) NDF-beta 5'-GTAGAAGCTGGCCATTACG-TAGTTTTGG-3'. The PCR product was subcloned into pBluescript SK(+) vector (Stratagene), sequenced and used for the generation of antisense RNA as described above. RNA (10 mg) was hybridized with this probe and processed using the RPA II kit (Ambion) following the manufacturer's speci®cations. Protected RNA fragments in both experiments were separated on 5% polyacrylamide/8 M urea gels, dried, and analysed by autoradiography.
Mitogenicity assays and NDF immunoblot analysis
The incorporation of [ 3 H]thymidine into DNA by Balb/MK cells was measured as described previously (Ron et al., 1993) . For NDF immunoblot analysis, Balb/MK cells were serumdeprived 48 h before treatment with KGF (10 ng/ml). Culture medium was collected at various times after KGF treatment, cleared by high speed centrifugation, and concentrated tenfold using Centricon microconcentrators (Amicon). Aliquots (25 ml) of this material were fractionated by 12% SDS ± PAGE, transferred to PVDF, and probed with anti-human NDF (NeoMarkers) followed by chemiluminescent detection (ECL; Amersham).
Skin wounding and wound tissue preparation
Three independent wound healing experiments were performed with female Balb/c mice which were 8 ± 12 weeks of age. For each experiment, 20 animals were anesthetized by intraperitoneal injection of Avertin. The hair on the animals' back was cut with ®ne scissors and the skin was wiped with 70% ethanol. Six full-thickness wounds (6 mm diameter, 3 ± 4 mm apart) were generated on each animal by excising skin and panniculus carnosus. The wounds were allowed to dry to form a scab. At 12 h and 1, 3, 5, 7 and 13 days after wounding, four animals were sacri®ced and the wounds were harvested. The complete wound including 2 mm of the margins was excised at each time point. A similar amount of back skin from three non-wounded animals served as controls. Wounds from each time point were combined, immediately frozen in liquid nitrogen and stored at 7708C until used for RNA isolation. Mice for wounding experiments were obtained from the animal care facility of the MaxPlanck-Institute of Biochemistry, Martinsried, Germany. They were housed and fed according to federal guidelines and all procedures were approved by the local government of Bavaria, Germany.
Preparation of hepatectomized mice
Adult male Balb/c mice were purchased from the Charles River Company (Frederick, MD, USA). Surgery was performed when animals were 8 ± 10-weeks old (body weight approximately 20 g). All animal procedures were performed according to protocols approved by the NIH Intramural Animal Care and Use Program. A partial (two-thirds resection) hepatectomy was performed in mice according to the modi®ed method of Higgins and Anderson (1931) under Metofane (Pitman-Moore, Inc., Mundelein, IL, USA) anesthesia. Brie¯y, the median and left lateral lobes of the liver were surgically removed through a small subxyphoid incision, and liver regeneration was followed for the time periods indicated. As negative controls, sham operations which included laparotomy and mobilization of the liver without tissue removal were also performed. Groups of three mice were sacri®ced by cervical dislocation and the remnant kidneys were dissected at the indicated times after surgery. Portions of the kidneys were snap frozen using liquid nitrogen and stored at 7708C until RNA was extracted for Northern analysis.
